Introduction
Ventricular tachycardia (VT) and ventricular fibrillation (VF) are potentially lethal arrhythmias frequently caused by reentrant electrical activity in heart ventricles [1] . So, there always has been a great interest in the study of initiation and maintenance of the reentrant activity. It is well known that heterogeneity of electrophysiological properties in the ventricular tissue, such as conduction velocity, membrane excitability and refractoriness, is crucial for the genesis of re-entrant arrhythmias [2, 3, 4] . In particular, much attention has been paid to the dispersion of refractoriness. Traditionally, this parameter has been considered as proarrhythmic [Allessie et al. 1967 referenced by 2 y 4], although some authors disagree with this hypothesis [Naimi et al. 1977 referenced by 2, 5] .
It is well known that VT and VF usually arise during myocardial ischemia [1] , when important electrophysiological cellular changes take place. Indeed, acidosis, hyperkalemia and hypoxia observed during ischemic episodes affect action potential (AP) morphology and propagation.
In the last years, a quantitative parameter related to the source-sink relationship of propagation has been defined. This parameter has been called safety factor (SF) and has given interesting insights to AP propagation process and block [6, 7, 8, 9] . Furthermore, its recent extension to 2D [9] enables its use in bidimensional tissues.
In this paper, we have studied the vulnerability to reentry under ischemic conditions and then, the sourcesink relationship has been quantified by means of the SF in order to reveal the relative role of refractoriness in reentry generation.
Methods
Cellular electrical activity was simulated using a modified version of the Luo-Rudy dynamic AP model (LRd00) [10] .
Acute ischemia was reproduced by means of its three main components. For this purpose, the affected parameters were set according to those values experimentally observed at different instants after the onset of ischemia, as shown in Figure 1 . Firstly, hypoxia was considered by partially activating the ATP-sensitive K + current (I K(ATP) ), formulated by Ferrero Jr. et al. [11] . For this purpose, intracellular concentration of ATP and ADP were increased from 6.8 mmol/L and 15 µmol/L in the normal zone (NZ) up to 4.6 mmol/L and 78 µmol/L in the central zone (CZ) respectively [12, 11] [12, 3] . Finally, acidosis was taken into account by its effect on the Na + and Ca 2+ current [7, 8] . Hence, the fast inward Na + current (I Na ) and the Ca 2+ current through the L-type channels (I Ca(L) ) were affected by a factor f pH of 0.875 in the CZ [13, 14] . In the ischemic BZ, all parameters return to their normal values along linear spatial gradients (see Fig. 1 , panel (b)), following experimental observations reported by Coronel [15] . Hyperkalemia experienced a linear increase along 1 cm of tissue, fraction of activated K(ATP) channels (f ATP ) increased along 0.1 cm of tissue and the decrease of sodium and calcium channels activation took place along the inner 0.5 cm of the BZ.
The stimulation protocol consisted of two rectangular current pulses (S1-S2), of 2 ms in duration and an amplitude of twice the diastolic threshold. Both pulses were delivered at the left edge of the tissue, longitudinal to fibre orientation.
Probability of reentry was measured by means of the vulnerable window (VW). This parameter was defined as the interval of CIs for S2 delivery that led to reentry.
In this work, the effective refractory period (ERP) of the cell of the central fibre where propagation blocks was obtained as the ERP of cell 222 of a unidimensional fibre. This fibre mimics the behaviour of the first 375 cells of the central fibre of the simulated tissue (Figure 1 ). In this case, an S1-S2 protocol of 2 ms in duration and with an amplitude of twice the diastolic threshold was applied at different CIs in cell 222. The ERP was considered as the minimum CI developing AP.
To assess the role of refractoriness leading to UDB, a novel method was applied. Firstly, the SF analysis was required in order to identify the exact location of the line block. This zone was defined as the area where the SF drops below unity. Secondly, the instant when the extrestimulus reaches the cell of block was compared to the end of its refractoriness. If the activation time (AT) of the extraestimulus was prior to the recovery of the cell, propagation block was due to refractoriness. The AT was considered as the instant when the derivative of the membrane potential reached its maximum and the end of refractoriness was calculated as the addition of the ERP to the AT of the basic stimulus. In order to simplify this method, only the central fibre of the tissue was tested, as it is the most likely cell to remain unrecovered.
Results
Conducted simulation resulted in figure-of-eight reentry whenever CI of S1-S2 protocol was comprised between 170 and 204 ms, which means that the width of the VW was 35 ms. Besides, the reentrant episodes were very stable, completing three cycles at least. As can be seen in Figure 3 , the impulse started to propagate with a uniform SF of 1.67 approximately, which is in close agreement with other studies [9] . When the impulse reaches the BZ, the source-sink relationship monotonally begins incrementing its value up to 1.75. Then it decreases and drops below unity at the proximal CZ when the propagation fails. Not only the elevation of the SF is consistent with other simulation studies [7, 8, 9] , but also the coincidence of the drop of the SF below unity with propagation block [6, 7, 8, 9] . However, S2 is able to propagate through the NZ and the BZ, so the wavefront splits in two and the SF maintains its value close to 1.7 until reaching the distal zone (see third snapshot of Figure 2 ). Then, both waves collide and the SF rises its value reaching the maximum (2.7) in the BZ. This increase is also explained by the transverse propagation of S2. However, the source sink relationship is not as safe as the one recorded for transversal propagation under normal conditions (2.9) [8] . Two factors might explain this phenomenon. On the one hand, the wavefront is convex, and on the other hand, acute ischemia reduces excitability [9] . While the extraestimulus propagates through the inner distal BZ, the safety decreases significantly and reaches at the CZ with a value close to unity. However, the SF does not drop below unity and remains quite stable at 1.2 in the CZ, which allows the propagation in the anterograde sense. Hence, S2 is conduced through the CZ and arrives at the proximal BZ and the NZ completing the reentrant pathway.
It is to be noticed that for all the observed reentries the SF patterns are very similar and the arch of block is placed at the proximal area of the CZ.
Once the analysis of the SF during reentrant episodes has been carried out, the implication of the RP in the genesis of the UDB leading to reentry can be minuciously studied.
The RP of the cell 222 of the 1-D in the central fiber of the ischemic tissue turned out to be 211ms. Figure 4 shows the time course of the membrane potential of the cell in the central fiber where propagation fails for two different CIs. Also, the end of refractoriness is represented by an oblique orange line. Panel A describes the situation produced at CI 193 ms. In this case, the extraestimulus reaches this cell during its refractory period, so refractoriness is the direct cause of UDB generation. The opposite situation is depicted in panel B (CI=209 ms). In this panel, the cell is stimulated by S2 once its excitability has been recovered, so the final cause of the UDB does not lie on the refractoriness of the cell.
Our results show that refractoriness is the direct cause of UDB leading to reentry when the CI ranges from 170 to 193 ms. Hence, one third of the reentries are related to factors different from refractoriness, such as membrane excitability, involved in source-sink relationship mismatch that force UDB generation.
Discussion and conclusions
The analysis of the re-entries by means of SF during regional acute ischemia reveals that a) any extraestimulus whose CI ranged from 170 to 204 ms leads to reentry, b) the pattern of SF for reentrant electrical activity during regional ischemia has been characterized and c) UDB may not only be due to refractoriness but also to a mismatch in the source-sink ratio.
